Polyoxometalates (POMs) form aw ell-known class of anionic oxo-bridged early transition metal clusters that show remarkables tructurala nd compositional diversity and potential applications in fields like catalysis, biomedicine, or materials science. Heteropolyoxotungstates represent the mosts tudied family among the differentc lasses of POMs, and they contain not only metal and oxygen,b ut also additional elements known as heteroatoms. Removal of (M=O) n + groups from the inorganic POM skeleton results in the so-called lacunary speciesthat can act as multidentate O-donorligandstoward different types of electrophiles. Derivatization of POMs with additional organic functions represents one of the most relevant topics in the field at present.T he resultingh ybridsh ave been identified as ak ey factor for the clusters to be suitably incorporated into polymericm aterials or carbon nanotubes, firmly anchored on diverse surfaces (e.g.,o xides, metals, graphite), or even to interact with metallic nanoparticles. The use of tailored POM hybridsf or constructing such composites might pave the way for new multifunctional devices like immobilized catalysts or photoactive systemsf or energy conversion and storage. However, this usuallyrequires elaborate organic functions that can be achieved only via multistep synthetic work on so-called preformed hybrid POM platforms.
organic ligands is reported, whereas the second part includes the synthesis and full characterization of some new 4f-metal containing clusters or 3d/4 fh eterometallic species. 10À (where M II = Mn, Co, Ni, Zn) could be ideal candidates to perform straightforward derivatizationst hrough the replacement of labile aqua ligandsw ith organic molecules because 1) they shows ix accessible water molecules, 2) they are stable in solutiono ver aw ide pH range and can be prepared in large amounts, and 3) their structure allows multiple compositional variations to be carried out. Thus, as ystematic investigation on the reactivity of 3d-metal-substituted Krebs-type POMs towardN,O-chelating or bridging ligands hasbeen undertaken to determine whether this family of POMs is suitable for being functionalized via classical coordination chemistry under mild conditions and to find out which ligandsare the most appropriate for this purpose.
Functionalizationo fK rebs-type polyoxometalates with N,O-chelating ligands
In af irst step, planar carboxylate derivatives of five-and six-membered N-donor heterocycles were selected, and more specifically,d iazole-,p yridyl-, and diazinecarboxylates with chelating ability.R eactions between POM clusters (preformed or generated in situ starting either from the corresponding Keggin-type trilacunary species or from am ixture of tungstate with heteroatom and3d-metal sources) and 1H-imidazole-4-carboxylate (imc), 1H-pyrazole-3-carboxylate (pzc), picolinate (pic), pyridazine-3-carboxylate (pydc), pyrimidin-4-carboxylate (pymc) or pyrazine-2-carboxylate (pyzc) ligandsw ere performed in buffered sodium acetate medium under mild bench conditions. To determine the success of these functionalization attempts prior to X-ray diffraction (XRD)s tudies, infrared (IR)s pectroscopy was used to characterize any solidp roduct (crystalline or not) obtained from the above reactions. This technique proved to be excellent for this aim because 1) bands associatedt oinorganic clusters and organic ligandsa re located in different regionso ft he spectra and2 )significant variations take place in the POM domain upon functionalization.
Derivatization of Krebs-type POMs showedt ob ee xtremely dependent on the specific natureo ft he ligand.For example, the imc anion has been identified as a"universal" ligand because it undergoes coordination regardless of the 3d metal or the reaction conditions, whereas the closely relatedp zc either showeds electivity toward the functionalization of the Ni precursor or promoted partial decompositiono ft he Co analogue to give the complex [Co(pzc) 2 (H 2 O) 2 ]( Co-pzc). Selective behaviort oward the Co and Zn precursors has also been observed for pyzc, but in contrast, the use of the other diazinecarboxylates (pydc and pymc) resulted in the corresponding[ M II L 2 (H 2 O) 2 ]c omplexes (Co-pydc, Nipydc,a nd Co-pymc), while picolinate was found to be inert under all of the conditions tested. In addition, the imc ligand was also used to gain further insight into the influence of the heteroatom on the reactivity of the Krebs-type anions by replacing Sb III with Te IV .F unctionalization showed to be selective toward the Mn and Co derivatives. These systematic studies have resulted in the preparation of nine pure crystalline phases of general formula [{ML(H 2 O} 2 (WO 2 ) 2 (B-b-XW 9 O 33 ) 2 ]
nÀ that have been characterized by meanso fe lemental analyses, thermogravimetric analyses (TGA) and single-crystal XRD. These compounds can be classified as follows ( Figure 1 ): 1-SbM,w here L=imc, X=Sb, n = 12, and M=Mn, Co, Ni, Zn; 1-TeM,w here L=imc, X=Te , n = 10, and M=Mn, Co; 2-SbNi,w here L=pzc, X=Sb, n = 12, and M=Ni;a nd 3-SbM,w here L=pyzc, X=Sb, n = 12, and M=Co, Zn. It is worth mentioning that the 3d-metal-disubstituted Krebs-type skeleton of the tungstotellurate analogues is completely unprecedented in POM chemistry.A ccording to XRD studies,t he organic ligands replace in all cases the same two water molecules of the parentK rebs-type POMi ns uch aw ay that they adopt as imilar orientation with respectt ot he POM skeleton that allows the formation of intramolecular CÀH···O or NÀH···O type hydrogen bonds depending on the nature of the ligand. Furthermore, the hybrid species reported herein are stable in aqueous solution according to 1 HNMR studies performed on the diamagnetic Zn derivatives.
The study was later extended to other molecules with bridging ability.L igands like 4,4-bypyridine (4,4'-bpy) were tested, but the study mainly focused on the planar N,O-bis(bidentate) linkersp yrazine-2,3-and À2,5-dicarboxylate (2,3-and 2,5-pyzdc). Derivatization of Krebs-type POMs with bridging ligands applyingt he same synthetic conditions described above provedt ob ea gain fully dependent on the specificn ature of the latter.F or example, the N,N-bis(monodentate)4 ,4'-bpy showed to be inert toward Krebs-type POMs, and the reactions led to the series of compounds 24À (5-Ni)h ybrid polyanion. This species is formed by two unprecedented 20-tungsto-2-antimonate(III) clusters linked by two N,O-bis(bidentate) bridging ligands. Alternatively, each half of 5-Ni can also be seen as ad efective Ni-containing POM with one Na-blocked vacant site (Figure2), and hence,i tc ould be ag ood candidate for incorporating additional electrophiles. The dimerica ssembly undergoes full dissociation in water that can be partially hinderedu pon addition of acetonea s identified by electrospray ionization-masss pectrometry (ESI-MS). Its magnetic properties are dominated by the zero-field splitting of Ni II centers. 24À tetramers (10-Ln,Ln =Ho to Lu). Twotypes of such tetrameric anions coexist in the solid state:o ne shows af ull bb-architecture, whereas the othero ne is am ixed ab-assembly in which each b-subunit is linked to its corresponding a derivative. All the families (Figure 3) have been characterized by elemental analyses, TGA, IR, and XRD. Luminescent properties of 7-Sm, 9-Tb, and 9-Dy have been studied and correlatedw ith the crystal structure, in such aw ay that the lanthanide ions showinge dge-sharing linkages with adjacent {WO 6 }o ctahedra have been identified as the only efficient emitting centers. In addition, the magnetic properties in the 9-Ln series have also been analyzed.
Regarding the solutionb ehavior,combinedE SI-MS and 183 WNMR spectroscopy experiments indicate that the 10-Ln tetramers fully fragment into 9-Ln-like dimers upon dissolution in water,w hich in turn undergo partial dissociation into their corresponding monomers and slow dimer/monomer equilibration. This is most likely followed by a b-to-a isomerization of monomeric clusters with consequent reassembly into dimeric anions, as indicated by the isolation of three additional crystalline phases of aa-9-Ln derivatives. The solution behavior of compounds 8-Ln is even more complex. Thed odecameric anionsd issociate upon dissolution in water into their hexameric cores and monomeric entities, as identified by ESI-MS studies. The former self-assemble into spherical, hollow,a nd single-layered vesicle-like blackberry-type structures of about7 5nmr adii, as monitored by dynamic (DLS) and static (SLS) light scattering techniques andc onfirmed by transmission electron microscopy (TEM). Analogous studies performed for 8-Nd in water/acetone mixtures show that the dodecamers remains table and are able to form in turn their own type of blackberries with sizes increasing from~20 to 50 nm with the acetone concentration.T his control over both the composition ands ize of the vesicle-like assemblies is achieved for the first time by modifying the architecture of the speciesu ndergoing supramolecular association through variations in the solvent polarity (Figure4).
Heterometallic 3d-4 fp olyoxometalates derivedf rom the Krebs-typef ramework 17À (11-LnM,L n =La to Gd, M=Co;L n =Ce, M=Ni, Zn;F igure 5). Compounds 11-LnM have been characterized by means of elemental analyses, TGA, and IR. According to Figure 2 . Structure of 5-Ni with the Na-blocked positionsshowniny ellow (dark gray for the {W 2 O 10 }m oiety). ChemistryOpen 2016, 5,261 -266 www.chemistryopen.org XRD studies, the molecular structure of the 11-LnM anionsc onsist of at etrameric assembly of three Keggin-type {B-a-SbW 9 O 33 }t rilacunary subunits and one {MW 6 O 24 }A nderson-Evans-type fragment. The trilacunary subunits are linked to each other by two nine-coordinated 4f-metal atoms and one {LnM(mOAc)} dimer,w hereas the capping {MW 6 O 24 }f ragment is connected to the former via three additional {WO 2 }g roups. The tetrameric POM framework described above encapsulates the unusual{ Sb 4 O 4 }c luster,w hich confers chirality on the 11-LnM anionsb ya rranging in left-or right-handedo rientations due to ap ivoting motion on one of its Sb centers. Compounds 11-LnM represent the first example where an Anderson-Evans anion acts as af ragment of larger POMs keletons by establishing WÀOÀW 
